MAGNETIC RESONANCE IN MEDICINE

Functional MRI of Brain Activation Induced by Scanner

Acoustic Noise

Peter A. Bandettini, A. Jesmanowicz, Joel Van Kylen, Rasmus M. Birn, James S. Hyde

A method is introduced by which brain activation caused by
the acoustic noise associated with echo planar imaging (EPI)
is mapped. Two types of time series were compared. The first
time series, considered the “task,” involved applying only EPI
gradients for 20 s without the application of RF pulses, then,
without pause, starting image collection. The second, consid-
ered the “control,” involved typical sequential image acquisi-
tion without the prior gradient pulses. Subtraction of the first
5 s of the two time series revealed signal enhancement mainly
in the primary auditory cortex. The technique was validated
using a motor cortex task that mimicked the hypothesized
scanner noise induced activation.

Key words: auditory cortex; BOLD contrast; acoustic noise;
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INTRODUCTION

A concern in functional magnetic resonance imaging
(IMRI) studies (1-4) is that brain activation produced by
MRI gradient switching acoustic noise may corrupt re-
sults primarily in studies of auditory cortex activation
and of cognitive processes that may be modulated by
ambient noise. Regions that have an elevated baseline
level of activation may not be able to be as fully modu-
lated between “resting” and “active” states. The reason
for this may include saturation in the neuronal firing rate
or in the hemodynamic response. These regions therefore
might not appear as fully “activated” as with more silent
functional imaging techniques. A few possible examples
of this fMRI confound may include the relatively weak
white noise activation (5), and mixed tonotopy results
(6-8). This study begins to address this issue by intro-
ducing a method that allows the mapping of regions
activated by the ambient scanner acoustic noise.

To map brain activation related to a stimulus, it is
necessary to modulate the stimulus such that images
collected during and between stimulus periods can be
compared to ureale a functional image. The primary chal-
lenge in mapping regions activated by acoustic noise
produced by gradient switching is that it is difficult to
modulate the MRI related noise in a single time series or
across time series without significantly changing imaging
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contrast parameters associated with the noise (i.e., TR,
number of slices).

The strategy presented in this paper takes into consid-
eration two factors: 1) The time for the longitudinal mag-
netization to reach steady state with successive RF exci-
tations, and 2) the time for the activation-induced
hemodynamic response to increase and reach a steady
“on” state. Since activation-induced changes are highly
localized and only on the order of 1%, it is important that
longitudinal magnetization weighting is matched be-
tween images obtained during resting and active states.
The time to reach steady state longitudinal magnetization
depends on the flip angle, IR, and T, of the tissue.
Typically, it is in the range of 4 to 6 s when imaging the
brain, using a TR 0f 0.5 to 1 s, and using a flip angle of 60°
to 85°. The time for the hemodynamic response to pla-
teau in the “on” state is about 5 to 9 s (1-4, 9-11).

If the time to reach steady state magnetization were
significantly less than the hemodynamic change time
constant, then imaging activation by the scanner acoustic
noise would be a simple process of subtracting the first
several images in the time series, obtained before the
hemodynamic response has a chance to plateau in the on
state, from the later images in the time series. Because the
time for longitudinal magnetization to reach steady state
is similar to the hemodynamic response time, this type of
subtraction would be dominated by differences in longi-
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FIG. 1. Schematic illustration of the method by which regions
activated by the acoustic noise of the scanner were mapped. For
the “task” time series, labeled “T,” only the EPI gradient pulses
were applied for 20 s. Then, without pause, RF power and image
acquisition was carried out for 30 to 40 s. These prior gradient
pulses, indicated as white boxes, were applied for 20 s to allow for
the EPI gradient acoustic noise induced hemodynamic response
to reach a steady-state “on” state. For the “control” time series,
labeled “C,” image collection was performed without the prior 20 s
of gradient pulses. At each time point, the “control” time series
was subtracted from the “task” time series to create a “difference”
series. During the first 4 to 8 s, which is the time that it takes for the
hemodynamic response to increase and plateau, the two series
differed in signal intensity in those regions activated by EPI gra-
dient noise.
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FIG. 2. The first seven images in the (a) “task” time series, and (b) “control” time series. (Matrix
size = 64 X 64, FOV = 24 cm, TE = 40 ms, TR = 1000 ms, Thickness = 10 mm, @ = 85°). These
images are the averaged from four interleaved “task” and “control” trials. (c) Time series of
difference images produced by subtraction of each “control” from each “task” image. Signal
enhancement is demonstrated bilaterally in the auditory cortex for the first 5 s, during which the
BOLD signal in the “control” series is in the process of increasing as a result of the EPI gradient
noise while the BOLD signal in the “task” series is already saturated in the “on” state.

tudinal magnetization (typically about 20% to 60%) and
not by functionally related changes. This fact necessi-
tated that two separate time series (“task” and “control”)
were collected so that longitudinal magnetization
weighting at corresponding time points was identical.

In this study, image subtraction across two separate
timo sories at cach time point was performed, therefore
matching longitudinal magnetization weighting in all im-
ages at all times. The first time series, considered the
“control,” involved typical acquisition of sequential
blood oxygenation level dependent (BOLD) contrast-
weighted images (1-4, 12). The second time series, con-
sidered the “task,” involved first the application of only
the EPI gradients in an identical manner as during image
acquisition for about 20 s, and then without pause, start-
ing RF excitation and image collection in the same fash-
ion as in the control time series. The MRI signal during
its approach (o steady state longitudinal magnetization
(first 5 to 7 s of acquisition) was identical between the
two time series except in regions that had enhanced
BOLD contrast (and possibly inflow contrast) due to neu-
ronal activation-related hemodynamic changes induced
by the noise of the prior gradient pulses. This localized
signal intensity difference only existed during the time
that the activation-induced hemodynamic response was
in the process of reaching a steady-state “on” condition
(about 5 to 7 s).

Two different studies incorporating this technique,
each at a different TR value, were performed. The tech-
nique was further validated with the use of a well char-
acterized motor cortex activation paradigm conducted to
mimic auditory activation with and without prior gradi-
ent pulses.

METHODS

All studies were performed on a Bruker Biospec 3T/60
system. A balanced torque three axis gradient coil (13)
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and an endcapped birdcage
transmit-receive RF coil (14)
were used for EPL In-plane
voxel dimensions = 3.8 X 3.8
mm. Slice thickness = 10 mm.
FOV = 24 cm. Matrix size =
64 X 64. For all studies, TE =
40ms, TR = 0.5stol1s, 0=
60° to 85°. The TR was chosen
such that the transient hemo-
dynamic onset curve would be
adequately sampled. In-plane
6 7 motion correction was per-
formed on the averaged data
set. Four male subjects, aged
24-30, were scanned. All sub-
jects were instructed to remain
motionless with eyes closed.

The basic technique is sche-
matically shown in Fig. 1. Two
types of time series were alter-
nately acquired. The “task”
time series, labeled “T,” in-
volved prior application of
only EPI gradients in a similar manner as would be
applied during image collection. No RF power was ap-
plied and therefore the magnetization in the imaging
planes was not affected. These gradient pulses, indicated
by the white boxes, were applied for 20 s to allow the
hemodynamic response induced by the acoustic noise of
the gradient pulses to reach a steady-state “on” condi-
tion. Immediately following this 20-s period, time-series
image collection, indicated by the gray boxes, was
started. Sequential images were then collected for about
30 to 40 s. During the first several seconds of the “task”
series, longitudinal magnetization approached steady
state, while the EPI acoustic noise induced activation
was already plateaued in the “on” state.
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FIG. 3. MRI signal from 12 voxels in the auditory cortex during
each of the four interleaved “control” (labeled “C”) and “task”
(labeled “T”) trials. The highest signal intensity was at TR = « at
the start of each trial. The time to reach steady state longitudinal
magnetization was about 5 seconds. Each successive trial was
separated by about 1 min to allow the hemodynamic response to
reach baseline.
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FIG. 4. (a) Average MRI signal from the four “control” and “task”
trials in Fig. 3. (b) Average fractional difference signal between the
“control” and “task” series. The difference returned to zero at
about 5 s. (c) Average raw difference signal between the “control”
and “task” series. This signal was used as the reference function
for correlation analysis in the creation of the functional images in
Fig. 6b. (d) Synthesized raw difference signal based on the ex-
pected hemodynamic response. This function was used as the
reference function for correlation analysis in the creation of the
functional images in Figure 5c.

The “control” time series, labeled “C,” involved time-
series collection of echo-planar images without the prior
20 s of gradient pulses. The “control” time series image
collection was identical to the “task” time series collec-
tion, During the [first several seconds of the “control”
time series, magnetization was approaching steady state,

FIG. 5. (a) Anatomical images of the three slices obtained. In all
images shown, the left side of the image corresponds to the
subject’s right hemisphere. The top is anterior. (b) Functional
images corresponding to the anatomical images. These were cre-
ated by calculation of the correlation coefficient of the difference
signal, shown in Fig. 4c, with the difference image series. (c)
Functional images created by calculation of the correlation coef-
ficient of the synthesized difference signal, shown in Fig. 4d with
the difference image series. Essentially, these images are a
weighted average of the first seven difference images.
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FIG. 6. MRl signal from 14 voxels in auditory cortex during each of
the four interleaved “control” and “task” series. Here, the TR was
500 ms rather than 1000 ms.

and the EPI acoustic noise induced activation was just
starting to increase.

As indicated in Fig. 1, the two types of time series were
collected in an alternating manner and separated in time
by about one minute to allow the hemodynamic response
to reach baseline between the series. Three to five trials
of each series were collected and averaged to produce an
average “task” and “control” time series. Each “control”
image was then subtracted from a “task” image at each
corresponding point in time to create a “difference” time
series.

Scanner noise activation was identified in two ways.
The first method was by simple inspection of the sequen-
tial difference images during the first several seconds of
image acquisition. The second method involved correla-
tion analysis (15). A reference function was chosen from
an ROl in auditory cortex. Correlation maps were created
hy voxel-wise calculation of the correlation coefficient of
the unsmoothed reference function with the first 8 im-
ages in the “difference” time series. Correlation analysis
using a reference function chosen from the data is poten-
tially circular and misleading in that the reference func-
tion may have in it artifact that is not specific to activa-
tion. For comparison, a functional image for the data set
in Study 1 was created using a synthesized reference
function based on the expected hemodynamic response.

Three studies are presented. The first two demonstrate
the technique. For these studies, the results from one
subject demonstrating the clearest activation are shown.
In this preliminary work, no further comparisons were
made across subjects. The third study is a comparison,
using motor cortex activation, of a functional image cre-
ated using the above-described method with a functional
image using the more conventional cyclic on-off para-
digm.

In Study 1, three contiguous axial imaging planes con-
taining auditory cortex were collected. TR = 1 s. 0 = 80°.
Image acquisition was conducted for 30 s. In Study 2,
three contiguous axial imaging planes containing audi-
tory cortex were collected. TR = 0.5 s. 6 = 60°. Image
acquisition was conducted for 20 s.
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FIG. 7. (a) Average MRI signal from the five “control” and “task”
trials in Fig. 6. (b) Average fractional difference signal between the
“control” and “task” trials. Again, the difference returns to zero at
about 5 s.

In Study 3, one axial plane containing motor cortex
was obtained. TR = 0.5 s, 6 = 60°, For the “task” time
series, bilateral self paced finger tapping was performed
for 20 s prior to and through the 30 s of image acquisition.
For the “control” time series, bilateral self paced finger
tapping was begun at the start of image acquisition and
continued throughout the time series. As a comparison
and a verification of motor cortex regions, a time series
was collected (TR = 1 s, repetitions = 130) of the same
plane during finger movement for three 20 s on/off cy-
cles. Correlation analysis with a box car reference func-
tion resembling a simplified expected response was per-
formed to produce a functional image for comparison
with the functional image produced by the technique
used in Studies 1 and 2.

RESULTS
Study 1

Figures 2a and b show the first seven “task” and “con-
trol” images respectively, averaged from four trials each.
The longitudinal magnetization reached steady state dur-
ing this 7-¢ initial period. The images in Fig. 2c were
produced by subtraction, at each time point, of the im-
ages in Fig. 2b from those in Fig. 2a. In these difference
images, signal enhancement is clearly evident in the left
and right auditory cortex until about five seconds, at
which time the BOLD signal from the auditory cortex in
Fig. 2b has had time to plateau in the “on” state. Since, at
7 s, both series are plateaued in tho “on” state, a signal
difference is no longer present.

Figure 3 shows the MR signal, during each of the four
interleaved “task” trials indicated by “T,” and “control”
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trials, indicated by “C,” from 12 voxels in the auditory
cortex. The peaks indicate the first image in each trial
(TR = =). In spite of trial to trial variability, the “task”
trial showed consistently enhanced signal.

Figure 4a shows the averaged MR signal across the four
“task” and “control” trials Fig. 3. The BOLD signal in the
auditory cortex was significantly enhanced for the “task”
relative to the “control” series during the approach to
steady state longitudinal magnetization. The percent
change signal is shown in Fig. 4b.

For correlation analysis, the signal from an auditory
cortex ROI of the “difference” time series, shown in Fig.
4c, was used as a reference function. Only the first seven
time points were used in the calculation. The correlation
coefficient of this unsmoothed difference signal with the
“difference” time series was calculated on a voxel-wise
basis. The anatomical echo planar images and corre-
sponding functional images are shown in Figs. 5a and 5b,
respectively. Enhancement in the primary auditory cor-
tex is clearly shown.

For comparison, correlation analysis was performed on
the same data set using a synthesized reference function
shown in Fig. 4d. This function was created by first
convolving an impulse response function, having prop-
erties derived from experimental studies using brief stim-
ulus durations (16, 17), with a step function, then sub-
tracting of this waveform from a simple “on” state
function. The correlation images are shown in Fig. 5c.
These images appear similar to those in Fig. 5b.

Study 2

The primary difference between Study 2 and Study 1 is
that a TR of 500 ms was used instead of a TR of 1000 ms.
Also, five rather than four interleaved “task” and “con-
trol” trials were performed.

Figure 6 shows the MRI signal, during each of the five
interleaved “task” and “control” trials, from auditory
cortex. Again, the peaks indicate the first image in each
trial.

Figures 7a shows the averaged signal, across the five
“task” and “control” trials in Fig. 6. The BOLD signal in
the auditory cortex during the “task” trial again shows
significant enhancement relative to the “control” trial

FIG. 8. (a) Anatomical images of the three slices obtained. (b)
Functional images corresponding to the anatomical images.
These were created in a similar manner as those in Fig. 5b.
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FIG. 9. (a) MRI signal from the motor cortex during cyclic 20 s
off—20 s on finger movement. This signal was obtained from the
identical motor cortex region as used in Fig. 10. (b) MRI signal
from the identical motor cortex region as in Fig. 9a. In the task
series, labeled “T,” bilateral finger movement was performed for
20 s prior to image acquisition and throughout image acquisition
without pause. In the control series labeled “C,” finger movement
was started simultaneously with the onset of time series image
acquisition. The finger movement was performed to mimic audi-
tory cortex activation demonstrated in the prior two studies.

during the approach to steady-state longitudinal magne-
tization. The percent change is shown in Fig. 7b. The
onset time and latency of the BOLD signal increase is
similar to that shown in Fig. 4b.

Anatomical and corresponding functional images are
shown in Fig. 8 for the three imaging planes obtained.
The functional images were created in a similar manner
as in Study 1. Enhancement in the primary auditory
cortex was siwilar.

Study 3

To further validate the technique, motor cortex activation
maps were produced using a) conventional three-cycle
20 s off—20 s on paradigm in a single time series, and b)
the technique described in Studies 1 and 2 during which
motor cortex activation (sequential tapping of thumb to
each of the other four fingers at a constant 4-finger op-
position cycle rate of 2 Hz) was performed to mimic
activation of the auditory cortex by imaging gradients for
both “task” and “control” time series.

Figure 9a shows the MRI signal from the motor cortex
during the cyclic 20 s off—20 s on time series. Figure 9b
shows the MRI signal from the identical region of interest
during interleaved “control” and “task” series. Figure
10a shows the averaged MRI signal from Fig. 9b. The
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fractional signal difference signal, shown in Figure 10b,
demonstrates the same shape and latency as in Figs. 4b
and 7b.

Functional images were created from the two tech-
niques. First, the anatomical image of the slice chosen for
analysis is shown in Fig. 11a. For the cyclic off-on series,
correlation coefficient calculation of a box car reference
function resembling the expected response with every
voxel in the time series of images was used to create the
functional image in Fig. 11b. The functional image in Fig.
11c was created by correlation coefficient calculation of
the averaged difference signal from the motor cortex
(used as a reference function) with the time series of
difference images. The functional image in Fig. 11b has
higher contrast to noise and reduced artifact than the
functional image in Fig. 11c, but the locations of activa-
tion are nearly identical. These results suggest that this
method, while not optimal for studies that can be per-
formed in a more conventional manner, is a valid way to
map cortical activation by the noise produced by MRI
gradient switching.

DISCUSSION AND CONCLUSIONS

Human brain activation produced by the noise of EPI
gradients has been mapped using a technique that incor-
porates subtraction of the first several seconds of a time
series in which no prior EPI gradients were applied from
the first several seconds of a time series in which EPI
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FIG. 10. (a) Average fractional difference signal between the “con-
trol” and “task” motor cortex trials. Again, the difference returns to
zero at about 5 s. (b) Average fractional difference signal between
the “control” and “task” series. Again, the difference returns to
zero at about 5 s. This response is nearly identical to those shown
in Fig. 4b and Fig. 7b.
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FIG. 11. (a) Anatomical image con-
taining motor cortex. (b) Functional
correlation image of motor cortex
activation created using the more
conventional cyclic activation para-
digm in conjunction with correlation
analysis. The time series plot from
the motor cortex corresponding to
this functional image is shown in
Fig. 9. A boxcar function was used
as the reference waveform. (c)
Functional image created by the
method for observing auditory cor-
tex activation by the imaging gradi-

ent acoustic noise presented in Studies 1 and 2. The functional image was created by calculation of the correlation coefficient of the
difference signal from the motor cortex with the difference time series. The time two time series plots corresponding to this functional
image are shown in Fig. 10. Although the functional contrast to noise is less in Fig. 11c, the regions of activation are nearly identical.

gradients were applied for 20 s prior to time series col-
lection.

The technique was demonstrated with a TR of 1000
and 500 ms. Furthermore, the technique was validated by
comparison with a well characterized motor cortex acti-
vation paradigm.

For all subjects, activation by the acoustic noise of the
EPI gradient pulses was observed in the auditory cortex.
Because the TR and number of slices imaged were varied
across subjects, the EPI pulse frequency varied. This
variation did appear not cause significant differences in
the location or degree of activation.

An experimental issue is that, to allow for the BOLD
contrast change to fully plateau, the “task” stimuli was
present for about 20 s prior to the start of image collec-
tion. If neuronal activation habituated during the 20 s of
stimulation or showed an initial burst of activity only
during the first 7 s, then, after subtraction, negative signal
changes would be seen. The preliminary data indicate
some negative changes. The data also suggest that sub-
cortical activation may be present. Further study involv-
ing increased averaging, increased brain coverage, and
modulated time duration of the preimaging gradient
switching should clarity these activations.

The acoustic noise produced by EPI, while highly
broadband in nature, appears to reside primarily in the
gradient switching frequency of about 2 to 2.5 kHz (8).
The acoustic noise of FLASH is different from EPI in that
the peak amplitude is below 1 kHz, yet similar in that it
is also somewhat broadband (18). It is difficult to predict
how brain activation would vary across these scanning
techniques.

Preliminary data from a method which involved hav-
ing the subject listen to taped scanner noise at a higher
volume than the scanner has been presented (19). While
the results of this technique appear similar to those pre-
sented in this paper, the two techniques differ. The tech-
nique demonstrated here observed scanner noise-in-
duced activation relative to a baseline of virtual silence.
The technique of Ulmer et al. (19) involved a baseline in
which activation by scanner noise was already present.
The similarity of this approach to the one presented in
the paper depends on whether or not: a) the hemody-
namic response is saturated in the “on” state and b) all
auditory activation is amplitude modulated.

A more general and still open question is whether or
not neuronal and/or hemodynamic saturation occurs in
any cortical region by the scanner noise. A careful com-
parison of the two techniques (relative locations and
magnitudes of activation) is one means by which these
questions can be tested. The technique presented in this
paper supplies a method by which this comparison can
be performed. Virtually any auditory stimuli could be
presented in the identical manner as the gradient switch-
ing noise was presented in the paper. The magnitudes
and areas of activation could be compared with those
elicited by the same stimuli presented in an on/off man-
ner during time series collection. Any differences in ac-
tivation would be due to the masking effect of the scan-
ner noise.

I'uture efforts in tonotopic mapping may benefit from
paradigms designed to take MRI gradient acoustic noise
induced activation into account. One can imagine tono-
topic mapping paradigms that involve a “control” series
of tone presentation once scanning has begun, and, a
“task” series of tone presentation given prior to image
acquisition and continued on through image acquisition.
Subtraction of the first 5 s of these time series should
reveal more clearly tonotopic maps that are uncorrupted
by activation from noise produced by the scanner. 'I'ono-
topic mapping studies, using this technique, are cur-
rently being performed in this laboratory.
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